Abstract: Two novel cyanido-bridged bimetallic polymeric complexes, [Ni(edbea) to the anticancer drug 5FU against the cancer cell lines tested. The antiproliferative and cytotoxic activities of C1 and C2 were significantly lower than those of free anions, indicating that the extreme cytotoxicity of free anions decreased to safe levels in C1 and C2 . In conclusion, the results show that these novel compounds possess anticancer activities.
Introduction
The use of metals in medicine dates back to antiquity, with various complexes being used to treat different ailments. Even today, metal complexes and their application in medicine have been studied extensively.
1,2 The use of metal complexes as a chemotherapeutic agent in the treatment of cancer may lead to alternatives to the anticancer agents presently being used.
3,4
anticancer activity against cisplatin-resistant human cancer cells (CH1-cisR, 41M-cisR, and SKOV-3) based on their lipophilicity. Moreover, Au(III) compounds possess certain promising anticancer activities, as observed by Sun et al.
10
Many anticancer drugs kill normal growing cells together with cancerous cells. This damage to normal cells causes side effects. Hence, the major drawback of using old anticancer agents is adverse effects such as nausea, bone marrow suppression, and kidney toxicity, which are experienced by patients receiving chemotherapy.
11
Another major drawback of old anticancer agents is the drug resistance that usually occurs. 11 There are various types of cancers that are inherently resistant to anticancer agents, with drugs having no effect. Therefore, there is a need for new approaches to address these drawbacks.
Research efforts are focused on developing novel antitumor drugs to ameliorate clinical effectiveness and to minimize general toxicity and drug resistance. 12 Silver and gold complexes are found to be promising alternatives to old anticancer agents, showing activity on tumors that have developed resistance. 13 The serious limitations of cancer treatments have prompted many researchers to develop alternative strategies based on different metals, ligands, and mechanisms for cancer.
14 Transition metal complexes of this type have not been extensively explored for their chemotherapeutic usage.
This paper shows a new class of silver and gold complexes denoted as C1 and C2 , which were tested for their anticancer activity against rat glioma (C6), human cervical cancer (HeLa), human colon cancer (HT29), 
Results and discussion

Results
Structural description
X-ray single crystal analyses of C1 and C2 could not be performed as it was not possible to obtain suitable crystals. C1 and C2 obtained as powder crystals are well soluble in DMSO and much less soluble in water. Recrystallization in DMSO of the complexes is not possible due to its donor character. Furthermore, recrystallization of the complexes in different solvents was not possible. Therefore, the characterization of the complexes was conducted using some other techniques. The molecular structures of C1 and C2 were estimated by taking advantage of the literature 15−20 related to edbea and bishydeten ligands and using elemental, IR, and thermal measurements. The neutral ligands edbea and bishydeten were observed to act as two, three, or four dentate in our previous studies 15−20 and it is known that the ligands behave as either two or three dentate in the polymeric structure. On the other hand, thermal analysis data provide quite remarkable results about the structures of the complexes. For example, thermal stability can be seen as an important criterion in the structural description. Moreover, the exchange of cyanido stretching vibration peak values and numbers are important for the structural definition of the complexes. Other prominent peaks in the IR spectra of C1 and C2 are the stretching vibration peaks belonging to the NH 2 , CH 2 , and CO groups of neutral edbea ligand and the OH, NH 2 , and CH 2 groups of neutral bishydeten ligand. 15−20 Four peaks at 2906 and 2865 cm −1 with 1101 and 1031 cm −1 were attributed to -CH 2 and -CO groups, respectively, while -NH 2 stretching vibrations of edbea were observed at 3342 and 3276 cm −1 . On the other hand, the ν (OH), ν (NH), and ν (CH) vibrational frequencies of bishydeten appeared at 3446, 3255 and 3220, and 2938 and 2881 wave numbers, respectively.
Thermal analyses
The thermal stability and decomposition behavior of C1 and C2 were studied by thermogravimetry-differential thermal analysis (TG-DTA) in flowing atmosphere of N 2 . The general way of the thermal decomposition of cyanido complexes is characterized by leaving of N -donor ligands and then decomposition of all cyanido groups in one step. 22−24 Thermal decompositions of C1 and C2 are three-to four-stage processes. Moreover, DTA curves show that the complexes have no melting points. Thermal analysis data for C1 and C2 are given in Table 1 . The most probable thermal decomposition scheme of C1 is given below:
In the 221-570
• C temperature range, four processes are observed for C2 . In the 221-570
• C temperature range, the release of bishydeten and four cyanido molecules is observed with the total weight loss of 33.55% (calc. 33.52%). The most probable thermal decomposition scheme of C2 is given below: − } for their cytotoxic properties was performed by means of BrdU cell proliferation ELISA assays against three cancer cell lines and one noncancerous cell line for the first time. In contrast to the control compound, 5FU, each coordination polymer significantly inhibited proliferation of HeLa (P < 0.05), C6 (P < 0.05), HT-29 (P < 0.05), and Vero (P < 0.05) cells (Figure 1 ).
It was seen that C2 coordination polymer was five-fold more active than C1 coordination polymer. As shown in Figure 1 , each coordination polymer was significantly more antiproliferative against Hela, HT29, and C6 tumor cell lines with lower IC50 concentrations (P < 0.05) than the control anticancer drug 5FU. Among Table 2 . C6, and Vero cell lines using a lactate dehydrogenase assay ( Figure 2 ).
The results showed that cytotoxicity of each coordination polymer was closed to cytotoxicity of 5FU, − on the cell lines tested were almost the same ( Figure 1 ). However, the cytotoxicity of complexes was significantly lower than that of ligands alone (P < 0.05) (Figure 2 ), indicating their high antiproliferative potential with low cytotoxicity.
Apoptosis assay (TUNEL assay)
To investigate whether C1 and C2 induced inhibition of cell proliferation was associated with cell apoptosis, a TUNEL assay was performed to detect apoptotic changes. As shown in Figure 3 , C1 and C2 treated HT29 cells showed green fluorescence, indicating fragmented DNA in apoptotic cells, whereas the DMSO control was negative for the staining. 
Determination of apoptotic potential of C1 and C2
In the present study, to test whether the mechanism of antiproliferative and cytotoxic activity of C1 and C2 involves apoptosis, we tested the DNA fragmentation potential of C1 and C2 on HeLa, HT29, and C6 cells. The results showed that both coordination polymers caused fragmentation of DNA, indicating that they act by inducing apoptosis (Figure 4 ).
The effect of C1 and C2 on HeLa cell migration
Migration capacity is an important characteristic for cancer. It is strongly expressed that the migration process appears an excellent new target for chemotherapy. Indeed, migrating cancer cells are resistant to apoptosis and it is still the principal target for anticancer drugs. That is, while reducing the levels of migration in apoptosis-resistant cancer cells, the levels of sensitivity to apoptosis in cancer cells increase. C1 and C2 at IC50 concentrations showed a suppressive effect on the migration of the HeLa cell line in a time-dependent manner ( Figure 5 ). It is suggested that C1 and C2 have antimetastatic potential.
Analysis of inhibition of DNA topoisomerase I
DNA topoisomerase I is a nuclear enzyme that plays essential roles in controlling the topological state of DNA to facilitate and remove barriers for vital cellular functions including DNA replication and repair. Therefore, DNA topoisomerase I is an important target of approved anticancer agents. It is found that only C1 at IC50 concentration inhibited the activity of recombinant human DNA topoisomerase I as a positive control, camptothecin ( Figure 6 ). This result may indicate that the compound inhibits cell proliferation by the suppression of DNA topoisomerase I action during replication. A-C1 B -C2 days after incubation using a phase contrast microscope (Leica DMIL, Germany) until complete cell closure was observed in the untreated control.
The effect of C1 and C2 on the morphology of HeLa, HT29, and C6 cells
The effect of C1 and C2 on the morphology of HeLa, HT29, and C6 cells was visualized ( Figure 7 ). 
Discussion
The present study focused on the development of new metallodrugs against cancer by a biological approach. These innovative metallodrugs may act as recognition biomolecules by targeting specific proteins, RNA, or DNA. 25, 26 The metal complexes include coordination compounds that offer quite diverse structural chemistry when targeting biomacromolecules that control or sustain cell growth and survival. Examples of such metal complexes include the ruthenium-based compounds NAMI-A (currently in phase I/II trials) and NKP-1339
(currently in phase I/IIa trials), and the gallium complex KP-46 (currently in phase I/IIa trials).
27
Silver and gold complexes are extensively studied for their general applications in medicine. The anticancer activity of silver and gold compounds has already been reported in the literature. 28−33 In the present study, the anticancer potential, cytotoxic activity, and mechanisms of action of newly synthesized metal complexes C1 and C2 were investigated on several tumor cell lines, such as HeLa, HT29, and C6. The reason we chose these tumor cell lines was the higher incidence, prevalence, and mortality of cervical, colon, and brain cancers in the world. The results of the cell proliferation assay showed that the Ag(I) and Au(I) compounds were significantly more antiproliferative than 5FU (Figure 1 ) against the cell lines, indicating their anticancer potential, as in previous studies.
34−38
It is known that cisplatin-like metallodrugs inhibit cell proliferation by binding to cell DNA; however, it is not clear yet whether C1 and C2 bind to cell DNA. In addition, C1 and C2 complexes were as cytotoxic as 5FU against all tumor cell lines tested at their IC50 concentrations (Figure 2 
39−41
In vitro proliferation studies confirmed significant apoptotic activity of Ag(I) and Au(I) complexes,
with IC50 values ranging from 0.1 to 2.0 µ g/mL HT29 cells. Apoptosis was examined using the terminal deoxynucleotidyl transferase dUTP nick and labeling (TUNEL) method in the HT29 cell line. In vitro studies with TUNEL showed that C1 and C2 significantly induced apoptosis ( Figure 3 ). It is known that enhanced antitumor efficacy is associated with increased induction of apoptosis. Therefore, these findings indicated that C1 and C2 inhibited HT29 cancer cell line growth in vitro. As illustrated in Figure 3 , C1 and C2 treatment caused a significantly higher ratio of TUNEL-positive apoptotic cells. These results indicated that C1 and C2 have a vigorous anticancer effect on the HT29 cancer cell line and are potent apoptosis-inducing agents in vitro. The Ag(I) and Au(I) complexes caused a dose-dependent induction of apoptosis in cancer cells, primarily through a group of protease-mediated pathways, as suggested by the ability of DNA laddering in coordinationpolymer-treated cells. Typical results from cancer cells treated with each compound are shown in Figure 4 . These compounds induced the formation of DNA fragmentation in cancer cell lines compared to the control cells ( Figure 4) . In untreated cells, there was no DNA fragmentation, and intact genomic DNA was situated near the well at the top of the lanes. The appearance of apoptotic morphology and DNA fragmentation may be a result of the binding of compounds to DNA. The migration assay revealed a suppressive effect of C1 and C2 treatment on HeLa cell migration ability in a time-dependent manner ( Figure 5 ). After exposure to IC50 concentrations of C1 and C2 , there were great differences in the migration rate of both cell lines compared with the untreated control ( Figure 5 ). These results show that C1 and C2 were more effective in suppressing the migration capacity of cancer cells.
C1 and C2 may also cause modulated cell death and apoptotic stress resulting from cell migration, which are both processes that are intimately involved in cancer progression. C1 and C2 can restrict the levels of migration of HeLa cancer cells, and they should therefore be used in association with anticancer drugs to fight cancer. C1 and C2 were found to inhibit tumor cell migration with low cytotoxicity. Most cancer cells are defined by a more robust invasive potential than normal cells. A successful cancer treatment is required to suppress cancer cell proliferation and migration potential, since cancer cells escaping from the primary tumor site colonize different metastatic sites. This study showed for the first time that C1 and C2 are able to reduce HeLa cell migration and most likely decrease the expression of surface-expressed ligands such as cellular adhesion molecules.
DNA topoisomerase I has been identified as an important antitumor target because of its essential physiological functions of regulating DNA topology during DNA replication and recombination. Topoisomerase inhibitor agents are now used in routine clinical practice (camptosar, irinotecan, and topotecan). There has been continuous interest in studying and developing new antitopoisomerase agents. 42−44 The effects of C1 and C2 on topoisomerase I-mediated supercoiled pHOT1 relaxation were investigated. The results revealed that the IC50 concentration of C1 inhibited almost all of the relaxation activity of topoisomerase I, whereas the IC50 concentration of C2 failed to show any effect on topoisomerase I (Figure 6 ). Hence, based on this initial experiment, C1 was selected for further preclinical development owing to its potent antitopoisomerase feature in vitro. The morphology of cells was investigated using phase-contrast microscopy. As shown in Figure 7 , obvious morphological changes were observed in the treated cells in a dose-dependent manner compared to the untreated cells. Each cell line exposed to the compounds exhibited cytoplasmic blebs, shrinkage, anomalous globular structure, and the appearance of apoptotic bodies as apoptotic indicators (Figure 7) . This was consistent with the results of the BrdU cell proliferation ELISA assay and DNA laddering test. Moreover, all cell lines treated with C1 and C2 showed apoptotic indicators, which was confirmed by May-Grunwald-Giemsa stain ( Figure   8 ). These results were somewhat similar to those of previous studies by Hall et al., 45 Rackham et al., 46 Thati et al., 47 Wang et al., 48 Wang et al., 49 and Zhu et al. 50 Thus, based on observations in the literature, the appearance of cell lines treated with C1 and C2 clearly indicated the antiproliferative and low-cytotoxic effect of these complexes. Moreover, the results of DNA fragmentation assays and TUNEL assay indicate that these novel complexes may inhibit cell proliferation through the induction of apoptosis.
To sum up, we have demonstrated for the first time that the strong apoptosis inducers C1 and C2 possess vigorous inhibitory effects on cancer cell lines in vitro. Based on our results, it is suggested that both complexes are potentially valuable anticancer drug candidates and are suitable for further pharmacological testing. We think that there is a great need for large and well-designed anticancer activity studies of new anticancer agents built from parent compounds C1 and C2 with better solubility in biological fluid and less toxicity.
Experimental
Preparations
′ -(ethylenedioxy) bis(ethylamine) (edbea), and N , N ′ -bis(2-hydroxyethyl)ethylenediamine (bishydeten) were used as received. 
Synthesis of [Ni(edbea)Ag
3 (CN) 5 ] n (C1 )
Cell culture
C6, HT29, HeLa, and Vero cell lines were maintained in Dulbecco's modified eagle's medium (DMEM, Sigma)
supplemented with 10% (v/v) fetal bovine serum (Sigma, Germany) and PenStrep solution (10,000 U/10 mg) (Sigma, Germany) (ATCC, American Type Culture Collection). 51, 52 At confluence, cells were detached from the flasks using 4 mL of trypsin-EDTA (Sigma, Germany) and centrifuged, and the cell pellet was resuspended with 4 mL of supplemented DMEM.
Cell proliferation assay (CPA)
A cell suspension containing 3 × 10 3 cells in 100 µ L was pipeted into the wells of 96-well cell culture plates The cells were then incubated at 37
• C with 5% CO 2 overnight. The antiproliferative activity of the compounds was determined using a BrdU Cell proliferation ELISA kit according to the manufacturer's protocol (Roche, USA) for a calorimetric immunoassay based on BrdU incorporation into the cellular DNA. Briefly, cells were exposed to BrdU labeling reagent for 4 h, followed by fixation in FixDenat solution for 30 min at room temperature. Then cells were cultured with a 1:100 dilution of anti-BrdU-POD for 1 h and 30 min at room temperature. Substrate solution was added to each well, and BrdU incorporation was measured at 450-650 nm using a microplate reader (Rayto, China). Each experiment was repeated at least three times for each cell line.
Calculation of IC50 and % inhibition
IC50 represents the concentration of an agent that is required for 50% inhibition in vitro. The half maximal inhibitory concentration (IC50) of the test and control compounds was calculated using XLfit5 software (IDBS) and expressed in µ M/L at 95% confidence intervals. The CPA assay results were reported as the percent inhibition of the test and control substances. The percent inhibition was calculated according to the following formula: % inhibition = [1 − (Absorbance of Treatments/Absorbance of DMSO) × 100].
Cytotoxic activity assay
The cytotoxicity of C1 , C2 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
In vitro detection of apoptosis was assessed using a TUNEL assay kit (Roche, Germany) according to the manufacturer's protocol. HT29 cell lines (30,000 cells/well) were placed in a poly-L-lysine covered chamber slide. The cells were treated with IC50 concentrations of C1 and C2 and left for 24 h of incubation. There were two controls for this assay: one was a positive control that had DNase-1 treatment and the other was a negative control that had no terminal deoxynucleotidyl transferase (TdT).
When the incubation time was over, the chamber was removed from the slide and washed with DPBS to remove the medium and unattached cells. All of the incubation and washing steps were done in a plastic jar. The slides were gently washed with DPBS, and for fixation 4% paraformaldehyde in DPBS at pH 7.4 was freshly prepared and added to the slides for 60 min at room temperature. Following incubation, the slides were washed twice with DPBS. The cells were blocked with freshly prepared 3% H 2 O 2 in methanol for 10 min at room temperature. Following incubation, the slides were washed twice with DPBS.
The cells were permeabilized by prechilled 0.1% Triton X-100 and freshly prepared 0.1% sodium citrate in water and then incubated for 2 min on ice. All the slides were washed with DPBS twice for 5 min each. At this point, in order to prepare a DNase I enzyme-treated positive control, 100 µ L of DNase-1 buffer was added to the slide, which was incubated at room temperature for 10 min. Fixative cells were transferred into a TUNEL reaction mixture (50 µ L/section) containing TdT and fluorescein-dUTP. Intracellular DNA fragments were then labeled by exposing the cells to TUNEL reaction mixture for 1 h at 37
• C in a humidified atmosphere and protected from light. After washing with DPBS twice, cells positive for apoptosis showed a green fluorescent signal and were visualized by a Leica fluorescent microscope (Leica DMIL LED fluo, Germany).
Analysis of DNA fragmentation (DNA laddering test)
DNA fragmentation effect of the test compounds was measured according to the method of Gong et al. buffer, loaded to 1.5% agarose gel containing 0.5 µ g/mL ethidium bromide, and electrophoresed at 200 mA for 40 min. DNA fragmentation in the gels was visualized using a gel documentation system (UVP, England).
Cell migration assay
The migration capability of cells was measured using the migration assay. Briefly, a culture insert (ibidi GmbH, Germany) consisting of two reservoirs separated by a 500 µ m thick wall was placed on a 35-mm petri dish, and equal numbers of HeLa cells (3.5 × 10 4 HeLa cells in 70 µ L of DMEM medium) were seeded into the two reservoirs of the same insert and allowed to grow to 90%-95% confluence, in order to generate a 500-µm gap between the two cell populations. Subsequent to cell growth, the insert was gently removed and 2 mL of cell culture medium was added, then treated with IC50 concentrations of C1 and C2 , and shortly after incubated overnight at 37
• C with 5% CO 2 . The speed of cell closure was photographed 0, 1, and 2 days after incubation using a phase contrast microscope (Leica DMIL, Germany) until complete cell closure was observed in the untreated control.
DNA topoisomerase I inhibition assay
The DNA topoisomerase I inhibitory activities of C1 and C2 were evaluated using a cell-free topoisomerase I assay kit (TopoGen, USA). The principle of the assay is to measure the conversion of supercoiled pHOT1 plasmid DNA to its relaxed form in the presence of DNA topoisomerase I alone and with test compounds. The supercoiled substrate (pHOT1 plasmid DNA) and its relaxed product can easily be distinguished in agarose gel, because the relaxed isomers migrate more slowly than the supercoiled isomer. In brief, 20 µ L of reaction mixture containing 1 µ L of plasmid pHOT1 DNA in relaxation buffer was incubated with 2 U recombinant human topoisomerase I enzyme in the presence of IC50 concentrations of C1 , C2 , or camptothecin as positive control. The reactions were carried out at 37
• C for 30 min and then terminated by the addition of stop solution. After the termination, the sample was analyzed using 1% agarose gel at 4 V/cm for 60 min. After electrophoresis, DNA bands were stained with ethidium bromide (EtdBr) (1 mg/mL) solution and photographed through a gel imaging system (UVP BioSpectrum, Germany).
Cell staining and imaging
Cells were seeded in 96-well plates at a density of 5000 cells per well and allowed 24 h for attachment. Using previously established IC50 doses of C1 and C2 treatment was performed for 24 h, during which morphology changes were assessed by phase contrast microscopy. Images of vehicle (DMSO), C1 , and C2 treated cells were taken at the end of experimental period using a digital camera attached inverted microscope (Leica IL10, Germany). Additionally, cell lines were grown in chamber slides (Ibidi, Germany) at a concentration of 15,000 cells per well and treatment with C1 and C2 . At the end of incubation, the cells were air dried and stained with May-Grunwald-Giemsa. Stained cells were analyzed under a light microscope.
Statistical analysis
The statistical significance of differences was determined by one-way analysis of variance (one-way ANOVA) tests. Post hoc analyses of group differences were performed using the Tukey test, and the levels of probability were noted. SPSS for Windows was used for the statistical analyses. The results are reported as the mean values ± SEM of three independent assays, and differences between groups were considered to be significant at P < 0.05.
